Oil resources at Valhalla field of west-central Alberta, Canada, are stratigraphically trapped within the Upper Cretaceous Doe Creek Member of the Kaskapau Formation. The reservoir is subdivided into four thin (1-10 m [3-33 ft]), cyclic alternations of offshore mudrock and shoreface sandstone that are designated the I − 1, I, I + 1, and I + 2 units. The thickest and most widespread I sandstone is the primary reservoir. Optimum reservoir quality corresponds to coarser grain shoreface sandstone; however, reservoir quality may be diminished by postdepositional calcite cement commonly observed near the top of shoreface sandstones. Open-hole well logs are used to predict depositional facies and calcite cement occurrence in wells that lack core control. Decreasing shale volume (V sh ) and increasing deep resistivity values correspond to progressively shallower water deposits. Zones of calcite-cemented shoreface sandstone greater than 0.5 m (1.6 ft) thick are interpreted when the neutron porosity exceeds the density porosity by more than 7%. Facies distributions predicted for the I sandstone closely match trends of the sandstone gross pore volume and daily total fluid production, and suggest that open-hole well logs may be used to anticipate reservoir quality and continuity.
shoreface sandstones accumulated within a coastal embayment to the Western Interior seaway. Regionally, the Doe Creek interval thins northeast of Valhalla and is truncated beneath the K1 unconformity, and shoreface sandstone bodies are encased within offshore mudrocks and detached from their contemporaneous shoreline. Locally at Valhalla, the Doe Creek reservoir progrades toward the southwest and is extensively and commonly uniformly burrowed by a relatively diverse assemblage of trace makers.
INTRODUCTION Reserves and Objectives
Conventional in-place oil resources within the Western Canada sedimentary basin (WCSB) are estimated to total 48 billion bbl (7.7 million m 3 ) and are primarily contained within reservoirs of Devonian and Cretaceous age (36 and 49% of in-place oil resources, respectively) (Allan and Creaney, 1991) . Upper Cretaceous reservoirs account for 23% of in-place oil resources that are highly prized because of their characteristically low gravity (API gravity greater than 30°) and low sulfur content (generally less than 0.5%) (Allan and Creaney, 1991) . One such Upper Cretaceous reservoir is the Doe Creek Member of the Kaskapau Formation at Valhalla field ( Figure 1 ). In-place oil resources at Valhalla are stratigraphically trapped within shoreface sandstones of the Doe Creek and total 279 million bbl (44,370 Â 10 3 m 3 ) of light (API gravity of 38°), low-sulfur oil (Hogg et al., 1998; AERCB, 2008) . Oil was discovered within the Doe Creek at Valhalla in 1979 and widespread development drilling followed in 1982. An extensive, 40-ac vertical drilling program was initiated during the 1990s for secondary recovery of oil through a patterned waterflood. By the end of 1996, more than 90% of Valhalla was producing oil through secondary recovery (Hogg et al., 1998) . To further enhance oil recovery, a fieldwide drilling program of horizontal production and water injection wells was initiated in 2004 and as of this writing is ongoing.
Additional increases in recoverable reserves within the Doe Creek at Valhalla field will likely require the application of tertiary recovery methods. The efficacy of both secondary and tertiary recovery schemes is reliant upon the accurate depiction of preferred flow pathways within the reservoir interval. This study evaluates flow continuity within the Doe Creek Member at Valhalla field by addressing the following questions. (1) What control do depositional facies and diagenesis have on reservoir quality? (2) Is it possible to predict the occurrence Figure 1 . Stratigraphic correlation chart and third-order sea level history for the Late Cretaceous within west-central Alberta (lithostratigraphic designations are modified from Bhattacharya, 1994;  age designations and sea level history are from Caldwell, 1983; Ogg et al., 2004) . Following sea level lowstand and Dunvegan Formation deposition, the study interval was deposited during the ensuing third-order Greenhorn transgression (Caldwell, 1983) .
of depositional facies and diagenetic products in wells that lack core control? (3) What is the spatial distribution of depositional facies within a timestratigraphic framework, and does this distribution correspond to historic trends of fluid production? Finally, do answers to these three applied questions provide serendipitous insight into the ongoing discussions regarding the depositional and stratigraphic origins of the Doe Creek Member?
Geologic Setting
The Valhalla field area is located within west-central Alberta and, during the Late Cretaceous (Cenomanian), was situated along the western margin of the Western Interior seaway (WIS) near its coastline terminus against the northwest-trending Laramide deformational front (Figures 1, 2 ) (Varban and Plint, 2005; Kreitner and Plint, 2006) . Regionally, the Doe Creek Member thickens to approximately 115 m (377 ft) near the axis of the WCSB foredeep and thins northeastward to less than 30 m (98 ft) thick, approximately 75 km (~47 mi) northeast of Valhalla field (Kreitner and Plint, 2006) . From its outcrop exposures near the Alberta-British Columbia border, the Doe Creek Member pinches out approximately 90 km (∼56 mi) to the southeast (Wallace-Dudley and Leckie, 1993) . Eastward thinning is related to both accommodation loss away from the WCSB foredeep axis and erosional truncation beneath the regional K-1 intraformational unconformity surface (Plint et al., 1993 ; Plint, Williams and Stelck, 1975; Irving et al., 1993 , as cited by Varban and Plint, 2005) . The area enlarged in panel B is indicated. (B) Paleogeography of west-central Alberta and east-central British Columbia during the Late Cretaceous (upper Cenomanian) Doe Creek deposition (modified from Kreitner and Plint, 2006) . Doe Creek sandstone bodies occur within the central part of a coastal embayment to the Western Interior seaway and are detached from their contemporaneous shoreline. Panels A and B are reprinted with permission from the Bulletin of Canadian Petroleum Geology.
2000)
. At Valhalla field, oil is produced from the Doe Creek I and N sandstones, and gas and small amounts of oil are produced from the A sandstone (Wallace-Dudley and Leckie, 1993) . Reservoir sandstones range from less than 1 to 7 m (3 to 23 ft) in thickness and consist of very fine to fine-grained marine shoreface deposits that are detached from their equivalent shoreline and coastal plain deposits ( Figure 2 ). As such, sandstone bodies transition both laterally and vertically into basinal marine shales (Kreitner and Plint, 2006) . The isolated nature of the sandstones and the southwestward regional structural dip account for the hydrocarbon entrapment at Valhalla and define the field limits (Figure 3 ).
Data and Methods
Data from Valhalla field incorporated into the study include wireline logs and historic fluid production data for 508 wells and descriptive and accompanying porosity and permeability data for all available Doe Creek cores (approximately 1350 m [4429 ft] of core from 120 wells) (Figure 3 ). Wells referenced in this manuscript are designated by the Canadian system of unique well identifiers, e.g., 00/02-12-075-08W6. In this example, the well is located within legal subdivision 02 (of 16 possible) of section 12 within township 75 north, range 08 west of the 6th meridian. The 00 designation preceding 02 is the legal exception code that is used when more than one well exists within a single legal subdivision, e.g., a 03 would identify the third well drilled in a legal subdivision. Core descriptions include documentation of the vertical distributions of grain size, the fraction of mud-size particles, mechanical sedimentary structures, ichnogenera and ichnofacies, ichnofabric index and ichnofaunal diversity (sensu Droser and Bottjer, 1986; Bottjer and Droser, 1991) , sedimentary facies, and cement type and distribution. Core description data were digitized and merged with digital core analysis porosity and permeability data and then depth shifted to coincide with digital wireline well-log data. All depth-reconciled borehole data types were then exported to a computer spreadsheet for statistical analysis. Stratigraphic correlations and preliminary maps were computer generated, and spurious computer contouring artifacts were hand corrected. Analysis and mapping of average daily fluid production trends are based on data compiled from the Alberta Energy Resources Conservation Board. All well-log analyses and predictive transforms were completed using GeoGraphix ® Prizm™ log interpretation software.
RESERVOIR CHARACTERIZATION AND CLASSIFICATION

Facies Model
The Doe Creek Member of west-central Alberta has been extensively studied and interpreted as a wave-dominated and river-influenced shelf sandstone complex that accumulated in a shallow embayment where salinity varied from normal marine to brackish (Wallace-Dudley and Leckie, 1988; Wallace-Dudley and Leckie, 1993; Hogg et al., 1998; Reid and Pemberton, 2005; Kreitner and Plint, 2006) . Previous studies have identified from Figure 5 . Box and whisker plots of neutron-corrected effective porosity and maximum permeability (K max ) versus grain size, and stacked bar charts illustrating the proportion of depositional facies that comprise each grain-size category. Abbreviations include MUD (clay ± silt), VFL (lower very fine sand), VFU (upper very fine sand), FL (lower fine sand), and FU (upper fine sand). Analysis is based on all cores described at Valhalla field. Both porosity and increasing proportions of shallower water facies correspond to an increase in grain size. Permeability displays a similar increase; however, high values within the lower very fine sand and mud-size fractions are inconsistent to the trend and likely reflect preferential sampling of thin, relatively coarser grained sandstone interbeds within otherwise finer grained successions.
6 to 10 depositional facies within the Doe Creek at Valhalla field (Wallace-Dudley and Leckie, 1988; Wallace-Dudley and Leckie, 1993; Hogg et al., 1998) . We recognize six depositional facies that are distinguished on the basis of grain size, mechanical sedimentary structures, ichnofacies, and the extent of bioturbation (i.e., ichnofabric index of Bottjer, 1986, and Droser, 1991 , or bioturbate texture of Frey and Pemberton, 1990) , and consistent with these previous studies, are interpreted to have been deposited within offshore and lower and upper shoreface restricted to open-marine environments (Table 1, Figure 4 ). Upper shoreface deposits are rarely observed within the study area. Variations in ichnofabric index and ichnofaunal constituents suggest that offshore deposits are composed of those that accumulated under restricted (facies 1a) and relatively more openmarine (facies 1b and 1c) conditions (Table 1) . Facies 1a and 1b are characterized by a general lack of bioturbation and almost exclusively include Planolites and the Cruziana ichnofacies component Thalassinoides. Conversely, facies 1c is homogenized by burrows that commonly include not only Planolites and Thalassinoides, but also the Cruziana ichnofacies constituents Zoophycos and more rarely Asterosoma and Rhizocorallium. Distal lower shoreface deposits (facies 2) are dominated by both the Skolithos ichnofacies traces Ophiomorpha and Paleophycos, and the Cruziana ichnofacies traces that are also observed within facies 1c. Proximal lower shoreface (facies 3) and upper shoreface (facies 4) deposits are characterized by Skolithos ichnofacies forms that typically include Ophiomorpha, Paleophycos, Skolithos, and Bergaureria (Table 1) .
Controls on Reservoir Quality
Porosity and permeability within the Doe Creek closely correlate with environmentally controlled grain size and associated ichnofabric index trends and the distribution of secondary calcite cement. Increasing grain size corresponds to both an increase in neutron-corrected effective porosity and facies that accumulated in progressively shallower water shoreface environments ( Figure 5 ). A similar correlation exists with permeability; however, anomalously high permeability values within the lower very fine sandstone and mud-size fractions likely reflect a core analysis sampling bias introduced by the preferential sampling of thin (10-30 cm [4-12 in.]) interbeds of relatively coarser grained sandstone within what was interval averaged during core description as relatively distal, mud-prone deposits ( Figure 5 ). Note that the anomalously high permeability values are not mimicked by neutroncorrected effective porosity because the thin, coarser grained sandstone interbeds that account for the high permeability values are below the 0.61-m (2 ft) vertical resolution of the neutron sonde (resolution estimate via Alberty, 1992) .
A second potential influence on reservoir quality is the extent of bioturbation and resultant introduction of interparticle silt and clay-size particles. To evaluate this possibility, we compare porosity and permeability to five categories of bioturbation intensity, a.k.a. the ichnofabric index, under two conditions ( Figure 6 ). Under condition 1, the ichnofabric index is compared against neutron-corrected effective porosity and core analysis maximum permeability (K max ) for all core data ( Figure 6A ), whereas condition 2 limits the comparison to facies 2, 3, and 4 sandstones having a porosity of greater than or equal to 12% (Figure 6B ), i.e., the porosity cutoff at Valhalla field that is commonly used by local industry producers to define reservoir-quality sandstone ( Figure 7) . In condition 1, porosity and permeability trends, including the assumed permeability sampling bias, are similar to those for grain size and associated depositional facies (compare Figure 6 . Box and whisker plots of neutron-corrected effective porosity and maximum permeability (K max ) versus ichnofabric index, and stacked bar charts illustrating the proportion of depositional facies that comprise each ichnofabric index category. (A) Condition 1 case based on analysis of all core data regardless of lithology, and (B) condition 2 case based on analysis of all core data where facies 2, 3, and 4 sandstones have a porosity of greater than or equal to 12%. Regardless of condition or ichnofabric index category, the highest values of porosity and permeability coincide with the highest proportion of the shallowest water facies. This suggests that grain size and depositional environment are the primary control on reservoir quality. Figure 7 . Scatter plot of core porosity versus K max permeability for all Doe Creek-cored wells within the study area (compare with Figure 3 ). Bracketed on the plot is the range of permeability (K max ) across wellbore perforations (1-10 md), which as of this writing coincides with the lower limit of economic daily oil production (approximately <10 bbl/day) observed at Valhalla field. Permeability values within this range in turn coincide with a porosity range of 10-15% and is supportive of the practice of Valhalla field operators to apply a 12% porosity cutoff to define the lower limit of satisfactory Doe Creek sandstone reservoir quality. Figures 5, 6A). In condition 2, the highest values of porosity and permeability similarly coincide with both ichnofabric indices 1, 2, and 5, and the highest proportion of the shallowest water sandstone deposits (principally facies 3) ( Figure 6B ). These analyses suggest that grain-size trends and associated environments of deposition, instead of the ichnofabric index, are the primary sedimentologic controls on reservoir quality.
Reservoir quality is diminished in the presence of postdepositional calcite cement ( Figures 4F, 8 ). Calcite cement is most common near the top of sandstone bodies and is also irregularly distributed within sandstone bodies. Zones of calcite cementation are thin (typically <50 cm [20 in.] ) and likely have a lateral continuity of less than 4 m (13 ft) (Hogg et al., 1998) . Calcite cement is increasingly abundant within shallower water deposits and may have resulted from the preferential flow of CaCO 3 -saturated fluids through their characteristically Table 2 ).
higher permeability, relatively coarser grained sediments ( Figure 5 ). Of the total core observations, calcite cement is present within 2.5% of the occurrences of facies 1 (offshore), 8.5% of the occurrences of facies 2 (distal lower shoreface), 16% of the occurrence of facies 3 (proximal lower shoreface), and 64% of the occurrences of facies 4 (upper shoreface) (Figure 9 ). The particularly high percentage of calcite cement within facies 4 is related to both the limited observations of facies 4 and the consistent position of facies 4 near the top of sandstone bodies.
Reservoir Facies Prediction
Comparison of core-observed depositional facies and petrophysical attributes suggests that open-hole gamma ray and deep resistivity well-log data may be used to predict facies distributions in wells that lack core control (Figure 10 ). Open-hole neutronporosity logs were also evaluated for their potential to predict facies but proved to be less reliable. Guidelines for facies prediction use direct measurement of deep resistivity for oil-saturated reservoir above the original oil-water contact (+46 m [151 ft]) and shale volume calculations (V sh ) derived from normalized gamma-ray measurements. Because the Doe Creek study interval was oil full during initial field development, the guidelines for the use of deep resistivity are applicable to most (if not all) wells with open-hole logs within the study area (Figure 3 ). Gamma-ray normalization and V sh calculations are based on the following formulae (Larinov, 1969; Asquith and Krygowski, 2004 , as cited by Asquith and Krygowski, 2004) .
where the I GR is the gamma-ray index, GR log is the gamma-ray measurement from the reservoir, GR min is the *14 API units, and GR max is the *130 API units (asterisks indicate Valhalla fieldwide average minimum and maximum values observed in openhole wireline logs).
where V sh is the shale volume. Table 2 defines the guidelines for prediction and equates the resultant well-log facies with their depositional facies counterparts. Although welllog data cluster within discrete ranges for each depositional facies, the overlapping range of V sh and deep resistivity data between facies results in welllog facies predictions that reflect data blending between two (or more) depositional facies (compare Table 2 and Figure 10 ). Consequently, although predicted well-log facies are most likely associated with a particular depositional facies, the introduction of error from overlapping ranges of *Predicted well-log facies correspond to more than one depositional facies because of the overlapping range of V sh and deep resistivity well-log data between depositional facies (Figure 10 ). The confidence of well-log facies interpretation increases when both the V sh and deep resistivity guidelines are satisfied.
well-log data between facies categories may result in misinterpretation. Calcite cement is interpreted to occur within well-log facies 2, 3, or 4 where the well-log neutron porosity exceeds the density porosity by more than 7%. Within an oil-saturated reservoir such as the Doe Creek at Valhalla, this quick-look technique may be used when density-neutron well-log data are calibrated to a sandstone matrix density value of 2.65 g/cm 3 (Asquith and Krygowski, 2004) . To evaluate the accuracy of the predictive model, a blind test was administered to two cored wells within the study area that had not been included within the database used to develop the well-log facies or calcite cementation predictive guidelines ( Figure 11 ). Cores from both wells were described and interpreted independent of knowledge regarding the interpreted distribution of well-log facies. In both cases, the distribution of depositional facies observed within cores closely matches the predicted distribution (Figure 11 ). The predicted distribution of calcite cement precisely coincides with the observed distribution within the 00/14-15-075-08W6 well but only matches the thickest of four calcite-cemented zones within the 00/06-32-074-09W6 well (Figure 11 ). The inability of the densityneutron predictor to detect calcite-cemented zones within the 00/06-32-074-09W6 well is likely related to their thin (0.2-0.3 m [0.6-0.9 ft]) discontinuous distribution, which is below the 0.45-0.61-m (1.7-2-ft) vertical resolution of densityneutron well logs (resolution via Alberty, 1992) .
STRATIGRAPHIC FRAMEWORK Regional Overview
The Kaskapau Formation was deposited during the culmination of the second-order transgression associated with the Zuni cratonic sequence (sensu Sloss, 1963) and the concomitant maximum extent of the North American WIS during the Late Cretaceous (Hancock and Kauffman, 1979; Haq et al., 1988; Caldwell et al., 1993; Kauffman and Caldwell, 1993; Slingerland et al., 1996) . Within the study area, second-order maximum flooding coincides with the Greenhorn eustatic transgression just above the Cenomanian-Turonian boundary and the equivalent organic-rich, earliest Turonian Second White Speckled Shale of the Kaskapau Formation (Figure 1) (Caldwell, 1983; Haq et al., 1987; Wallace-Dudley and Leckie, 1993; Bhattacharya, 1994; Hogg et al., 1998; Varban and Plint, 2005) . A higher frequency, perhaps third-order episode of decreasing and increasing accommodation during the middle Cenomanian to lower Turonian was possibly induced by a pulse of foreland tectonism across the WCSB, and resulted in deposition of lowstand (Dunvegan) deltaic deposits and succeeding transgressive (Kaskapau) open-marine midshelf deposits (Plint et al., 1993) . Because of the relatively rapid rates of composite accommodation gain that resulted from constructive interference of the second-and third-order transgressions, higher frequency fourth-order stillstands (or lowstands) of sea level are recorded as retrogradationally stacked alternations of deeper water offshore mudrocks (fourth-order transgressions) and shallower water shelf sandstones (fourth-order stillstands or regressions) ( Wallace-Dudley and Leckie, 1993). In ascending stratigraphic order, these shallower water sandstones include the Doe Creek, Pouce Coupe, and Howard Creek members of the Kaskapau Formation (Figure 1 ).
Valhalla Reservoir Interval
The Doe Creek Member at Valhalla field consists of numerous cyclic alternations of offshore mudrock (facies 1) and shoreface sandstone (facies 2, 3, and less commonly 4). Nine of these thin (1-10 m [3-33 ft] thick), cyclic units are correlated across Valhalla, and their stratigraphic designations are referenced sequentially relative to their position above or below the top of the most oil productive I sandstone (alphanumeric designation by Wallace-Dudley and Leckie, 1988) . Above the I sandstone, these include in ascending order the I + 1 through I + 6, and below the I sandstone in descending order the I − 1 and I − 2 (Figures 11, 12) . In addition to the I sandstone, other hydrocarbon-charged units include the oil-prone I − 1 and I + 1 and the gas-prone I + 2. The I + 1 and I + 2 coincide with the previously Figure 11 . Gamma-ray, density, neutron-porosity (calibrated to sandstone matrix), and deep induction logs for wells (A) 00/06-32-074-09W6 and (B) 00/14-15-075-08W6. In addition, both wells include core description logs of the ichnofabric index and ichnodiversity, and the distribution of the most common trace fossils observed (O = Ophiomorpha; Pl = Planolites; Sc = Scolicia; T = Teichichnus; Th = Thalassinoides; Zoo = Zoophycos). Annotated as dashed lines within the gamma-ray track are the tops of the I − 2 through I + 6 intervals correlated throughout Valhalla field. The I, I + 1, and I + 2 intervals coincide with the I, N, and A sandstones of Wallace-Dudley and Leckie (1988) . Both wells were used as a blind test of the guidelines for the prediction of well-log facies and calcite cement occurrence within reservoir sandstone (see the text for discussion and Table 2 ). Note the close correspondence between core observed and log-predicted distributions presented within the depth track. Figure 12 . Stratigraphic cross section AA′ illustrating the distribution of Doe Creek stratigraphic surfaces I − 1 through I + 6. The cross section stratigraphic datum is the gamma-ray maximum (shale) that occurs 2-3 m (6-10 ft) above the I + 6 surface. The map location of cross section AA′ is shown in Figure 13 . The depth track of each well log highlights the distribution of facies observed in cores and predicted from well logs. Facies distributions are interpolated across the cross section. Stratal geometries and facies distributions within the I − 1 through I + 2 reservoir interval suggest southwestward progradation.
Atchley et al.
named N and A sandstones of Wallace-Dudley and Leckie (1988) .
Shoreface, potentially reservoir-quality sandstone facies 2, 3, and 4 only occur within the I − 1, I, I + 1 and I + 2, and therefore, attribute mapping is limited to these intervals. Based on core observations and interpretation of facies distributions from open-hole well logs, maps of facies distribution and gross reservoir sandstone thickness were produced for the I − 1 through I + 2 intervals (Table 2 ). Only wells with core (circled) and/or openhole well logs (well symbols) are used in mapping. Gross reservoir sandstone is defined as a borehole interval that has a porosity greater than 12% and satisfies the shale volume (V sh ) predictive guidelines for facies 2, 3, and 4 (Table 2) . To emphasize the location of relatively thick sandstone bodies, only contour values greater than zero are presented. Sandstone bodies prograde southwestward through time, and the I interval (B) contains the thickest and most extensive sandstone of the highest reservoir quality. The I sandstone extends as a northeasttrending linear ridge that bifurcates within the central part of T75N R8W6. The I sandstone is thickest and has the greatest proportion of the highest reservoirquality facies (facies 3 and 4) near the boundary of T74-75N R9W6.
( Figures 12, 13) . From base to top within this succession, the reservoir sandstone is restricted to the northeasternmost part of Valhalla within the I − 1 interval, extends across the length of the field within the I interval, and is restricted to successively more southwestern locations within the I + 1 and I + 2 intervals (Figure 13 ). Thin sandstones of low reservoir quality (facies 2) occur within the I − 1 interval, and the thickest sandstones of high reservoir quality (facies 3 and 4) and continuity coincide with the I interval and extend across the length of Valhalla field as an axial ridge that bifurcates within the central part of T75N R8W6 ( Figure 13A, B) . Although the I + 1 and I + 2 are both dominated by relatively low-reservoir-quality sandstone (facies 2), the I + 2 reservoir sandstone is of greater thickness and extent than observed within the I + 1 and also includes facies 4 sandstone of the highest reservoir quality (Figure 13C, D) .
Analysis of ichnofaunal diversity and ichnofabric index trends within the reservoir interval provides additional insight into depositional conditions. During core description, the ichnofaunal diversity was recorded as a bed-scale continuous log of the number of taxon observed and the ichnofabric index as the proportion of primary sedimentary structures disturbed by burrows (Droser and Bottjer, 1986; Bottjer and Droser, 1991) (Figure 11 ). See Figure 6 for an explanation of how ichnofabric index categories are defined. Throughout the I − 1 to I + 2 interval, ichnofabric index values for offshore mudrocks typically range from 4 to 5 and ichnofaunal diversity values from 3 to 4. Taxa commonly include the Cruziana forms Thalassinoides, Planolites, Teichichnus, and Zoophycos, and less commonly Rhizocorallium and Asterosoma (Figure 11 ). Although the core is rarely available below the I − 2, the few opportunities to observe this offshore (facies 1a, 1b) mudrock-dominated interval suggest ichnofabric indices of 1 to 2 and ichnogenera limited to Thalassinoides and Planolites ( Figure 4A, B) . Sandstones within the I − 1 to I + 2 interval have an ichnofabric index that ranges from 1 to 4 and a correspondingly variable range of ichnofaunal diversity (Figure 11 ). Low ichnofaunal diversity values occur within sandstones that contain Skolithos forms that are most commonly limited to Ophiomorpha, Palaeophycos, and/or Bergauria. High ichnofaunal diversity values are related to sandstones that include not only these Skolithos forms, but also Cruziana forms that penetrated and reworked the sandstone during syndepositional bioturbation of the overlying offshore mudrocks. Within the I interval, trends of high ichnofabric index generally coincide with the thickest shoreface (facies 3 and 4) sandstones (compare Figures 13B, 14A) . Conversely, trends of highest ichnodiversity are more variable and coincide with both offshore mudrocks and shoreface sandstones (compare Figures 13B, 14B) .
IMPLICATIONS Reservoir Performance
Although fluid production is comingled between hydrocarbon-charged sandstones within the I − 1 through I + 2 interval, most production is provided by the laterally extensive I sandstone. As such, a map of average daily total fluid production essentially reflects the historic performance of the I sandstone ( Figure 15A ). The predicted distribution and thickness of depositional facies correspond closely to reservoir-quality sandstone gross pore volume and fluid production trends (compare Figures 13B, 15) . Overall, distributions of the shallowest water facies 3 and 4 coincide with regions of the thickest gross pore volume and highest average daily total fluid production. Interestingly, this trend appears to be maintained regardless of the presence of calcite cement. Fairways of calcite cement within reservoir-quality I sandstone appear not to correlate with reduced production rates (compare Figures 15A, 16 ). An exception to the facies-dependent control on production trends is observed within the southernmost part of T75N R9W6. Here, average daily total fluid production rates are relatively low although production coincides with the thickest and most extensive accumulation of reservoir-quality facies 3 and 4 observed at Valhalla field ( Figures 13B, 15) . Reduced production rates are most likely related to high water Figure 14 . Maps of the I interval (A) ichnofabric index and (B) ichnofaunal diversity. Cored wells used in mapping are highlighted with a black circle around well symbols. Gray circles around well symbols indicate wells with core that does not include the I interval. Values of high ichnofabric index correspond to the thickest I interval shoreface sandstones, whereas trends of high ichnofaunal diversity coincide with both offshore mudrocks and shoreface sandstones (compare with Figure 13B ). The map of daily total fluid production is based on all wellbores within the study area, whereas the I interval sandstone gross pore volume map is only based on wellbores with open-hole well logs. The sandstone gross pore volume is calculated for the I interval that has a porosity greater than 12% and satisfies the shale volume (V sh ) predictive guidelines for facies 2, 3, and 4 (Table 2) . Because most production is provided by the I sandstone, the average daily total fluid production attributed to the entire Doe Creek sandstone reservoir interval by the Alberta Energy Resources Conservation Board (AERCB) and compiled within AccuMap ® primarily reflects I sandstone reservoir properties. Trends of fluid production correspond closely to gross pore volume (B) and facies distribution and gross reservoir sandstone thickness ( Figure 13B ). Low fluid recovery within thick, shoreface sandstones (facies 3 and 4) near the border of T74-75N R9W6 may reflect lateral water invasion associated with reservoir pressure drawdown near the original oil-water contact (+46 m [151 ft]) (compare Figures 3, 13B, 15A) . Figure 16 . Map of calcite cement fraction within the I interval gross reservoir sandstone. Gross reservoir sandstone is defined as having a porosity greater than 12% and satisfying the shale volume (V sh ) predictive guidelines for facies 2, 3, and 4 (Table 2) , and associated calcite cement is interpreted to occur where the well-log neutron porosity exceeds the density porosity by more than 7%. Only the openhole wellbores used in mapping are shown. Because of the relatively wide spacing of well control points, the map likely exaggerates the continuity of calcite-cemented fairways.
Depositional and Stratigraphic Model
Both the Doe Creek and Pouce Coupe are distributed as enigmatic, isolated sandstone bodies within a coastal embayment to the WIS and are detached from their equivalent shoreline deposits and encased in offshore mudrock (Figure 3 ) (e.g., WallaceDudley and Leckie, 1988; Plint et al., 1993; Kreitner and Plint, 2006) . The isolated nature of the sandstone bodies has been variously attributed to (1) the formation of sand shoals on the lee side of ageequivalent lobes to the Dunvegan delta (WallaceDudley and Leckie, 1988) , (2) the progradation of deltas during sea level lowstands and subsequent preservation of delta front deposits as discontinuous erosional remnants following transgressive ravinement (Wallace-Dudley and Leckie, 1993; Kreitner and Plint, 2006) , and (3) the erosion of a forebulge uplift and subsequent transport of shelf sand toward a subsiding foredeep (Plint et al., 1993; Plint, 2000) . The first two explanations presume an eastward and southeastward deltaic sediment transport away from the WIS coastline (Kreitner and Plint, 2006) , whereas the third explanation suggests a ravinement reworking of older Kaskapau sediments by shoreface shelf processes and southwestward transport toward the WIS shoreline (Plint et al., 1993) .
Sedimentologic observations and stratigraphic relationships within the Doe Creek sandstone at Valhalla are most consistent with the forebulge model of Plint et al. (1993) and Plint (2000) . This model suggests that the ravinement reworking of sand across a rising forebulge, located northeast of Valhalla, provided sand that was presumably transported by shelf currents southwestward toward a subsiding foredeep. Accordingly, Doe Creek sandstones thin to the northeast where they are truncated beneath the regional K1 intraformational forebulge unconformity (sensu Plint et al., 1993) and transition into offshore mudrocks to the southwest. Because the sandstones are inferred to have accumulated across the shelf in a location seaward of, and therefore detached from, the equivalent western shoreline of the WIS, the sands would likely be influenced more by wave than river processes. This interpretation is supported by the southwestward progradation of the I − 1 to I + 2 interval (Figures 12, 13) and the dominance of wave-generated hummocky cross strata and wave ripples within Doe Creek sandstones across Valhalla (e.g., Figure 4D , E). If the I − 1 to I + 2 interval had been deposited in association with deltas extending from the WIS shoreline located to the west or northwest, an eastward or southeastward direction of progradation would more likely be present within the Doe Creek reservoir interval. Additionally, bedforms commonly associated with delta-front sediment gravity-flow processes, i.e., turbidites, are not observed within the Doe Creek at Valhalla. The occurrence of the Doe Creek sandstone interval as an isolated, southwestward-elongate distribution may reflect sand deposition as a southwestward-accreting lee-side shoal complex (sensu Wallace-Dudley and Leckie, 1988 ) that formed as westerly or southwesterly unidirectional shelf currents dissipated upon entry into the protected coastal embayment to the WIS ( Figure 2B ). The relatively high and uniform ichnofabric index and ichnofaunal diversity values observed within both offshore mudrocks and shoreface sandstones suggest that the salinity and/or sediment stress was relatively low during Doe Creek deposition (Figure 14 ) (sensu Gani et al., 2008) . This observation is inconsistent with the reduced salinity and increased turbidity that would more likely accompany a lowstand delta complex. The abundance of Zoophycos traces observed within offshore mudrocks across Valhalla may indicate either a lack of delta-front sediment gravity processes (Seilacher, 1967) or reduced bottom-water oxygen levels (Frey and Seilacher, 1980) . In general, the ichnofaunal diversity at Valhalla is lower than documented for comparable Cretaceous fully marine wave-dominated successions observed elsewhere within the WIS (e.g., Pemberton et al., 1992) . This reduction in relative diversity may reflect Doe Creek deposition within a coastal embayment that would be more prone to salinity and/or turbidity fluctuations than a coastal setting outside of an embayment.
CONCLUSIONS
1. The Doe Creek Member at Valhalla field is composed of six depositional facies that accumulated within offshore, distal, and proximal lower shoreface and upper shoreface environments. 2. Reservoir quality correlates closely with grain size and depositional facies. An increase in effective porosity and K max permeability corresponds to the coarser grain texture observed in progressively shallower water shoreface deposits. The correlation of the ichnofabric index with effective porosity and K max permeability similarly reflects depositional grain-size trends instead of the introduction of mud within interparticle pore space during bioturbation. 3. Reservoir quality is diminished by postdepositional calcite cement that occurs in thin (typically <50 cm [20 in.] ), discontinuous zones. Calcite cement is most common at the top of sandstone bodies and is increasingly abundant within progressively shallower water shoreface sandstones. 4. Guidelines developed from open-hole well logs may be used to predict depositional facies and calcite cement in wells lacking core control. Value ranges for deep resistivity and/or shale volume calculations (V sh ) derived from natural gamma radiation measurements may be used to predict facies distributions. Decreasing V sh values and increasing deep resistivity values correspond to progressively shallower water environments. Zones of calcite cement greater than approximately 0.5 m (1.6 ft) thick may be predicted within shoreface sandstones where the neutron porosity exceeds the density porosity by greater than or equal to 7%. 5. At Valhalla field, the Doe Creek sandstone is subdivided into nine thin (1-10 m [3-33 ft] thick), cyclic alternations of offshore mudrock and shoreface sandstone that are designated the I − 2 through I + 6 units. Sandstones within the I − 1, I, I + 1, and I + 2 are hydrocarbon charged. The I sandstone is the primary reservoir at Valhalla field. 6. During deposition, sandstones within the I − 1 through I + 2 units are accreted as a southwestwardprograding succession across Valhalla field. The I − 1 sandstone is limited to the northeasternmost part of Valhalla, the I sandstone extends across the length of Valhalla, and the I + 1 and I + 2 sandstones are restricted to the successively more western parts of the field. The thickest sandstones of the highest reservoir quality and continuity (facies 3 and 4) coincide with the I interval. 7. Within the I sandstone, the predicted distribution of the shallowest water and highest reservoirquality facies (facies 3 and 4) corresponds closely to trends of sandstone gross pore volume and average daily total fluid production. The only exception occurs in the southwesternmost part of Valhalla within completions just above the original oil-water contact (+46 m [151 ft]). Reduced production rates in this area are most likely related to irregular lateral water invasion within high-permeability sandstone beds induced by reservoir pressure drawdown. 8. Regional and local observations are most consistent with the model of Plint et al. (1993) and Plint (2000) , which suggest that the Doe Creek sandstone was derived from ravinement erosion of a rising forebulge located northeast of Valhalla, and southwestward sediment transport by regional shelf currents toward a subsiding foredeep. Thinning and truncation of the Doe Creek Member beneath the regional K1 intraformational unconformity and southwestward progradation of the wave-rippled and hummocky crossstratified I − 1 through I + 2 sandstones at Valhalla indicate an easterly source area and deposition within a wave-dominated setting. Relatively high and uniform ichnofabric index values within offshore mudrocks and shoreface sandstones of the Doe Creek reservoir interval are also suggestive of a wave-dominated, relatively open-marine setting; however, ichnofaunal diversity is lower than that observed within comparable wavedominated successions observed elsewhere within the WIS and is consistent with deposition within a coastal embayment prone to salinity and/or turbidity variations.
